A B S T R A C T The response of trained, conscious dogs to an acute water load was studied before adrenalectomy and under five conditions of hormonal replacement and sodium intake after adrenalectomy. Before adrenalectomy, with the dogs drinking isotonic saline, the minimal urinary osmolality (Uosm) was 47±7 (SEM) mOsm and free-water clearance (CH2o) was 8.6±1 ml/min. These values were not different after adrenalectomy with or without deoxycorticosterone (DOCA) if the animals continued to drink saline and receive dexamethasone. Moreover, after adrenalectomy in the presence of saline drinking both dexamethasone and DOCA could be withdrawn for up to 4 days without impairment of diluting ability (Uosm, 544+7 mOsm and CH20, 7.3±1 ml/min).
INTRODUCTION
There is considerable evidence that adrenal insufficiency is associated with an impaired ability to attain a normal water diuresis (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . The mechanisms involved in this impairment of water excretion have not been clearly elucidated, however, two possible mechanisms have been proposed. One (3) (4) (5) (6) (7) (8) is that, although the release of antidiuretic hormone (ADH)' from the hypothalamus in adrenal insufficiency is normally suppressed during water loading, the water impermeability of the distal nephron is incomplete in the absence of glucocorticoid hormone. In contrast, other authors (9) (10) (11) have suggested that the release of ADH is not suppressed normally during water loading in the presence of adrenal insufficiency and increased circulating levels of ADH account for the inability to excrete water normally. Utilization of the bioassay of ADH in adrenal insufficiency has not distinguished between these possible mechanisms, since evidence has been presented that ADH levels are both increased (9) and undetectable (8) in adrenal insufficiency. Green, Harrington, and Valtin (13) recently examined this problem in adrenalectomized rats with hereditary hypothalamic diabetes insipidus which thereby avoids the necessity for assaying ADH. These investigators found a persistent defect in water excretion in these adrenalectomized rats with a congenital absence of ADH and this defect could be completely reversed only by the simultaneous administration of both glucocorticoid and 'Abbreviations used in this paper: ADH, antidiuretic hormone; CHE2O, free-water clearance; Cosm, osmolar clearance; DOCA, deoxycorticosterone acetate; GFR, glomerular filtration rate; Uosm, urinary osmolality. mineralocorticoid hormones. Although renal hemodynamics were not measured, the authors suggested that the effect of glucocorticoid hormone on water excretion could be due to a combination of an effect on renal hemodynamics and a direct effect of the hormone on permeability to water of the renal tubular epithelium. The present study was undertaken to elucidate .further the mechanisms involved in the impaired water excretion in adrenal insufficiency. The studies were performed in conscious, trained dogs and the same animals served as their own control both before and after adrenalectomy. The results demonstrate that the adrenalectomized conscious dog drinking isotonic saline retains a normal renal diluting capacity, as judged by minimal urinary osmolality and free-water clearance, in the absence of both glucocorticoid and mineralocorticoid hormones for periods up to 4 days. A defect in renal diluting capacity did occur, however, if both hormones were withdrawn and the animal's sodium intake was restricted. This defect in renal diluting capacity could be corrected within days by mineralocorticoid replacement alone. On the basis of these findings, we conclude therefore that glucocorticoid is not necessary for either maximal suppression of ADH or maximal water impermeability of the renal tubular epithelium during acute water loading. In the circumstances of the present study, the defect in water excretion in the adrenalectomized dog was related primarily to sodium balance and could be overcome by either mineralocorticoid or a high intake of sodium.
METHODS
29 studies were performed during water loading in five trained, conscious, female, mongrel dogs weighing 18.6-25.4 kg. 1-2 wk before the water-loading studies the dogs ingested a potassium-free diet containing 30 or 70 mEq of sodium (Hartroft Formulation, General Biochemicals, Chagrin Falls, Ohio). 3 g of potassium chloride (KCl) was added to their daily diet except on the two days before each study. The composition of the diet was otherwise the same for all of the studies. The animals were maintained on this diet and offered either isotonic saline or tap water to drink for at least 1 wk before each acute water-loading study. After the animal's weight stabilized a preadrenalectomy water-loading study was performed in the following manner. A urethral catheter was inserted to allow collection of urine. Polyethylene catheters were placed in two leg veins. Into one of these catheters an isotonic saline infusion (0.5 ml/min) containing sufficient inulin for clearance measurements was started at least 1 hr before beginning urine and blood collections. A water load of 2.5% glucose in water was infused through the same catheter at 20 ml/min for 60 min. 20 min after completion of this water load, infusion of 2.5% glucose in water was restarted and continued at 10 ml/min throughout the remainder of the experiment. Collections were started 100 min after beginning the infusion of 2.5% glucose in water. Urine was collected every 10 min and blood specimens were withdrawn through an indwelling venous catheter at the midpoint of alternate periods. The experiments consisted of 7 or 14 10-min urine collections. This same protocol was used in all of the experiments, both pre-and postadrenalectomy. After the first study in each animal a bilateral adrenalectomy was performed through a midline abdominal incision under pentobarbital anesthesia. On the morning of surgery and daily thereafter the animals were given 0.8 mg of dexamethasone intramuscularly (i.m.). For the first three postoperative days the animals also received 50 mg of hydrocortisone i.m. daily. The animals were allowed to recover from the effects of surgery for at least 2-3 wk before study. Completeness of adrenalectomy was assessed by measuring plasma cortisol levels at a time when the dogs had not received replacement steroid hormones for 72 hr and again after 3 consecutive days of 40 U of adrenocorticotropin hormone gel i.m.
The experiments were divided into six groups as follows. Each animal served as its own control. Group IV. Water loading after adrenalectomy with the animals on a 70 mEq sodium diet and drinking isotonic saline. All steroid replacement was withdrawn for a period of 50-100 hr before the study.
Group V. Water loading after adrenalectomy with the animals on a 30 mEq sodium diet and drinking tap water. All steroid replacement was withdrawn for a period of 50-100 hr before the study.
Group VI. Water loading after adrenalectomy with the animals on a 30 mEq sodium intake and drinking tap water. Dexamethasone therapy was withdrawn for 50-100 hr before the study. DOCA (2 mg i.m.) was administered for at least 7 days before and including the day of the acute water load.
The methods of analysis for inulin, osmolality, sodium, and potassium have been referred to elsewhere (14) . The clearance of inulin and rates of electrolyte excretion were calculated in the conventional manner. The plasma cortisol levels were measured by the fluorometric technique (15) .
RESULTS
The results of acute water loading before and after adrenalectomy in an animal drinking isotonic saline are shown in Fig. 1 . In the preadrenalectomy study and in the three postadrenalectomy studies the urinary osmolalities (Uosm) achieved during the acute water load were very similar. The mean Uosni achieved was 69 mOsm before adrenalectomy (group I), 75 mOsm after adrenalectomy with chronic dexamethasone replacement (group II), 63 mOsm after adrenalectomy with chronic dexamethasone replacement and DOCA on the day of study (group III), and 74 mOsm after adrenalectomy with no steroid replacement for 4 days (group IV). Thus, in the presence of a liberal sodium intake the Uosm achieved during the acute water load in this animal was not altered by adrenalectomy, independent of adrenal steroid replacement. The rate of free-water clearance (CH2o) was also comparable in all of these same circumstances (Fig. 1) . The mean CH20 in this animal was 6.6 ml/min in the preadrenalectomy study (group I), 7.6 ml/min in the group II study, 7.3 ml/min in the group III study, and 7.1 ml/min in the group IV study. The comparable Uosm and CH2o during these acute waterloading studies was also associated with a similar GFR. Before adrenalectomy the mean GFR was 64 ml/min (group I), while in the three postadrenalectomy studies (groups II-IV) the mean GFR was 64, 66, and 65 ml/ min, respectively.
The results in this animal are representative of the results in the other animals. The Uosm in the preadrenalectomy and three postadrenalectomy studies for all animals while drinking saline are shown in Fig. 2 . The Uosm attained during the water-loading studies after adrenalectomy (groups II-IV) was similar in all 
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FIGURX 1 Responses to an acute water load before and after adrenalectomy in a dog drinking isotonic saline. Each value is the mean of seven consecutive 10-min urine collections. The GFR, free-water clearance, and urinary osmolality were comparable in this animal in the preadrenalectomy and three postadrenalectomy studies. Steroid replacement with daily dexamethasone alone (group II), daily dexamethasone plus DOCA on the day of study (group III), or complete withdrawal of steroid replacement (group IV) did not alter this animal's response to the acute water load as compared to the preadrenalectomy study (group I). In contrast to the results without steroid hormone replacement while the animals drank saline (group IV), withdrawal of adrenal steroids for up to 4 days when the animals were on a 30 mEq sodium intake and drinking tap water (group V) was associated with definite impairment in water excretion in each animal. However, when these same animals were maintained on the same 30 mEq sodium intake and given only mineralocorticoid hormone for 7 days (group VI) the Uosm, (CH2o, and GFR were comparable to those values observed in all of the studies with the animals drinking isotonic saline (groups I-IV). A comparison of the results obtained in the Groups IV-VI studies is shown in Fig. 5 . The results which are illustrated in Fig. 5 demonstrate that the 30 mEq sodium intake (group V) was associated with an increase in Uosm and a decrease in CH2O as compared to the values obtained when the same animals were drinking isotonic saline (group IV). No adrenal steroids were administered to the animals in either the group IV or V studies. In each instance the GFR was lower when the animal was on a 30 mEq sodium intake rather than drinking isotonic saline. When the animals were maintained on the 30 mEq sodium intake and treated with DOCA (group VI) for 7 days the Uosm and CH20 were comparable to those values obtained with the animals drinking isotonic saline. In three of the four animals the GFR also increased in association with the chronic DOCA administration. The mean fractional sodium reabsorption and Cosm were 98.7% and 2.2 ml/min in group V and 99.7% and 1.0 ml/min in the group VI studies.
The importance of sodium balance in the capacity of the adrenalectomized dog to excrete water was not only indicated by the acute water-loading studies but also by (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) .' In an effort to avoid any secondary effects related to negative sodium balance and depletion of extracellular fluid volume, the initial group of studies were performed while the animals were offered a high sodium intake as saline drinking water. Also, in the present studies the withdrawal of glucocorticoids was for a period of time (50-100 hr) of sufficient duration to insure absence of glucocorticoid activity,' but of short enough duration to avoid any profound effects of chronic glucocorticoid deficiency on systemic hemodynamics. In addition to evaluating the effect of glucocorticoid replacement on the renal excretion of water during the state of adrenal insufficiency, the role of mineralocorticoid was also examined. In all of these circumstances, the effect of adrenal insufficiency and hormone replacement on glomerular filtration rate was evaluated. ' 
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FIGURE 5 Effect of sodium intake and chronic DOCA treatment on GFR, free-water clearance, and urinary osmolality in the adrenalectomized dogs not receiving glucocorticoid replacement. The symbols are the same as those used in Fig. 2 . A lower GFR and free-water clearance and a higher urinary osmolality was observed when the animal's sodium intake was 30 mEq/day (group V, middle panel) as compared to the same animals drinking isotonic saline (group IV, left panel). Administration of DOCA for 7 days with continued 30 mEq sodium intake was associated with correction of these abnormalities (group VI, right panel).
Under these experimental conditions the results of the present investigation demonstrate that on a high sodium intake the renal diluting capacity is comparable when the same dog is studied before adrenalectomy and after adrenalectomy with glucocorticoid replacement. In addition, the administration of mineralocorticoid hormone (DOCA) on the morning of study did not alter the renal diluting capacity of these adrenalectomized dogs offered a high sodium intake. The most important finding, however, was that after adrenalectomy when the animals were drinking isotonic saline, renal diluting capacity was not impaired even when both mineralocorticoid and glucocorticoid hormone replacement were withheld for up to 4 days (Figs. 1-3 ). This finding is of particular importance in view of the two main proposed mechanisms for the impaired water excretion in adrenal insufficiency. Many investigators (1-13) have suggested that the presence of glucocorticoid hormone is necessary for normal renal diluting capacity. This importance of glucocorticoid hormone has been proposed by some authors to be related to a direct action of the hormone on the water permeability of the tubular epithelium of the collecting duct (3) (4) (5) (6) (7) (8) , while other authors have suggested that the presence of glucocorticoid hormone is necesary for the maximal suppression of vasopressin release (9-11). The present results do not support either of these hypotheses, since in the presence of a high intake of sodium, glucocorticoid hormone was not necessary for a normal response to the water load. The mean osmolality (57 mOsm) achieved in the present adrenalectomized animals drinking isotonic saline and not receiving adrenal. hormones for 2-4 days was sufficiently low to indicate suppression of vasopressin release and water impermeability of the collecting duct epithelium. Moreover, this level of urinary osmolality was similar to the level achieved in the same animals before adrenalectomy and after adrenalectomy with glucocorticoid replacement. In addition, withdrawal of glucocorticoid hormone replacement in these adrenalectomized animals drinking isotonic saline was also associated with rates of free-water clearance and glomerular filtration which were not different fromn those obtained in the same animals before adrenalectomy and after adrenalectomy with adrenal steroid replacement. In contrast to the normal diluting capacity observed with the animals drinking isotonic saline, when these same adrenalectomized animals were on a 30 mEq sodium intake and receiving no adrenal steroid replacement a definite impairment of renal water excretion occurred. In this circumstance, urinary osmolality was higher and free-water clearance was lower when compared to the values observed under the various conditions with the animals drinking isotonic saline (groups I-IV). In addition to the impaired excretion of an acute water load, weight loss and the development of hyponatremia were also observed when these adrenalectomized animals received a 30 mEq sodium intake and no adrenal steroid replacement. These findings suggest that the level of sodium intake was of crucial importance in the pathogenesis of the defect in water excretion after adrenalectomy. Also, it seemed likely that the effect of mineralocorticoid deficiency on sodium balance was of primary importance in this impairment in the renal excretion of water. Studies therefore were performed in which the animals were continued on the same 30 mEq sodium diet but replaced for 7 days with exogenous mineralocorticoid (DOCA) but not glucocorticoid therapy. This mineralocorticoid therapy was associated with correction of the impaired response to the acute water load, as well as a reversal of the weight loss and hyponatremia.
Since during the group V studies the animals were able to dilute their urine during the acute water load, albeit not maximally, this degree of impairment of diluting mechanism would not explain the chronic hyponatremia which developed during this group of studies. Urinary dilution, however, may be more pronounced when the same water load is administered acutely over 1 hr period as compared to chronic ingestion over several hours. Thus, any defect in urinary dilution observed during an acute water load may not be directly applicable to explain the development of chronic hyponatremia. Even more important, since the chronic hyponatremia in these group V studies was associated with weight loss and was prevented by a high sodium intake or treatment with DOCA, negative sodium balance rather than retention of water appeared to be the initiating factor in the development of the hyponatremia.
Taken together, the present results provide evidence that the defect of urinary dilution in adrenal insufficiency is related, at least in part, to a deficit of sodium balance. In this regard, Gill, Gann, and Bartter (17) have previously demonstrated that either acute or chronic volume expansion with isotonic saline improves renal diluting capacity in patients with adrenal insufficiency. Other authors (7, 18) , however, have disputed the possibility that significant hypovolemia is involved in the impaired renal excretion of water with adrenal insufficiency. The present results support the suggestion of Gill et al. (17) that depletion of extracellular fluid volume is an important factor in the impaired renal excretion of water in adrenal insufficiency. In contrast to these previous results (17) , however, in the present study significant expansion of the extracellular fluid volume was not a prerequisite for the demonstration of normal diluting capacity in the adrenal insufficient state. Although daily sodium balances were not performed, the rates of fractional sodium reabsorption, osmolar clearances, and body weight measurements were such as to exclude excessive expansion of extracellular fluid volume. Thus, the objection that excessive expansion of the extracellular fluid volume may have overcome a defect in diluting capacity which was unrelated to mineralocorticoid de-ficiency and sodium balance, although relevant to the interpretation of the results of Gill et al. (17) , does not seem to be applicable to the present results.
The concomitant decrease in glonlerular filtration rate which occurred during the period of restricted sodium intake could have accounted, at least partially, for the impaired excretion of water in these adrenalectomized animals. Such a conclusion is reasonable since a similar impairment of diluting capacity has been demonstrated when glomerular filtration rate is diminished by constriction of the aorta (19) or renal artery (20) . This interpretation is compatible with the findings of Green et al. (13) which indicated that factors other than ADH are involved in the impaired water excretion associated with adrenal insufficiency. In the present study, however, some increase in circulating levels of ADH cannot be excluded as a contributing factor in mediating the effect of sodium balance on water excretion. Support that an increased level of ADH may indeed be responsible, at least in part, for the effect of sodium balance on water excretion in adrenal insufficiency is provided by the recent results of Share and Travis (21) . In this regard, the recent findings of Schrier, Lieberman, and Ufferman (22) raise the possibility that changes in autonomic neural tone may be the primary pathway whereby alterations in sodium balance and body fluid volume influence ADH release. Somewhat against the possibility for a role of ADH in the present study, however, was the finding that the urine achieved a significant degree of hypotonicity, even in the studies in which an impairment in water excretion was demonstrable (group V). Hypotonic urine, however, may occur in the dog in the presence of submaximal levels of ADH (23) . Although this effect is most frequently observed at high rates of solute excretion, it may occur at solute excretion rates comparable to those observed in the present dogs (23) .
The results of the present investigation must be considered on the background of the previous suggestions that the impaired renal diluting capacity characteristic of adrenal insufficiency is due to glucocorticoid deficiency and is mediated either by sustained release of ADH (9, 10) or by a failure to achieve maximal impermeability to water of the distal nephron (3) (4) (5) (6) (7) (8) . Of primary importance is the fact that the duration of glucocorticoid withdrawal in most previous studies has been in excess of the period of glucocorticoid deficiency in the present studies. Since more prolonged glucocorticoid deficiency may be associated with substantial cardiovascular effects (24) (25) (26) , any observed impairment in water excretion under these conditions could be related either to a direct effect of glucocorticoid deficiency on ADH release or renal tubular water impermeability, or alternatively to any secondary effects of glucocorticoid deficiency on systemic hemodynamics. Such an effect on systemic hemodynamics could affect water excretion by diminishing renal hemodynamics and/or stimulating the release of ADH. Although the defect in water excretion in adrenal insufficiency previously has been shown to be improved by replacement of glucocorticoid hormone, supraphysiological doses of the hormone have been used in these previous studies (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . In this regard, Oleesky (27) did not observe improvement in diluting capacity in humans with adrenal insufficiency who were treated with physiological doses of glucocorticoid hormone and improvement required the administration of amounts of the hormone in excess of that normally produced by the adrenal gland. Moreover, the administration of large doses of glucocorticoid hormone to normal subjects with intact adrenal glands has been shown to enhance renal diluting capacity (28) . More recently, however, Agus and Goldberg (29) have reported that the impaired water excretion associated with anterior hypopituitarism may in some instances be, at least partially, correctable by the administration of physiological amounts (5-20 mg) of hydrocortisone. On the basis of the effect of ethanol to improve diluting ability in these patients, these investigators suggest that this effect of hydrocortisone may be related to a suppression of release of ADH (29) . It should be emphasized, however, that in this study (29) , as well as previous studies (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) , the effect on chronic glucocorticoid deficiency was examined while glucocorticoid deficiency of a shorter duration was investigated in the present study. In any event, and independent of the mechanisms whereby more chronic glucocorticoid deficiency (1-13, 29) may impair diluting ability or the mechanisms whereby large amounts of glucocorticoids may reverse this defect (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) , the present results demonstrate that glucocorticoid hormone is not necessary for achieving normal urinary dilution in the adrenalectomized dog. These results thus suggest that glucocorticoid hormone is not necessary for either maximal suppression of ADH release or water impermeability of the renal tubular epithelium. Although this conclusion is in contrast to previous proposals, it is compatible with in vitro studies in the toad bladder which have demonstrated that glucocorticoid hormone enhances, rather than impedes, the vasopressin-induced osmotic movement of water (30) .
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